OBJECTIVE-The AMP-activated protein kinase (AMPK) pathway is a master regulator in energy metabolism and may be related to cancer. In type 2 diabetes, low HDL cholesterol predicts cancer, whereas metformin usage is associated with reduced cancer risk. Both metformin and apolipoprotein A1 activate the AMPK signaling pathway. We hypothesize that the anticancer effects of metformin may be particularly evident in type 2 diabetic patients with low HDL cholesterol.
OBJECTIVE-The AMP-activated protein kinase (AMPK) pathway is a master regulator in energy metabolism and may be related to cancer. In type 2 diabetes, low HDL cholesterol predicts cancer, whereas metformin usage is associated with reduced cancer risk. Both metformin and apolipoprotein A1 activate the AMPK signaling pathway. We hypothesize that the anticancer effects of metformin may be particularly evident in type 2 diabetic patients with low HDL cholesterol.
RESEARCH DESIGN AND METHODS-In a consecutive cohort of 2,658 Chinese type 2 diabetic patients enrolled in the study between 1996 and 2005, who were free of cancer and not using metformin at enrollment or during 2.5 years before enrollment and who were followed until 2005, we measured biological interactions for cancer risk using relative excess risk as a result of interaction (RERI) and attributable proportion (AP) as a result of interaction. A statistically significant RERI .0 or AP .0 indicates biological interaction. CONCLUSIONS-The anticancer effect of metformin was most evident in type 2 diabetic patients with low HDL cholesterol.
RESULTS-During
Diabetes Care 34:375-380, 2011 P atients with type 2 diabetes have increased cancer risk, although the risk association of cancer with antidiabetes drugs remains controversial (1) . This is in part attributed to heterogeneity in causalities, phenotypes, and treatment responses. In addition to age and smoking status, abnormal lipids are strong predictors of cancer in type 2 diabetes (2). Our group has reported a V-shaped risk association of HDL cholesterol with cancer, with an optimal level of 1.22 mmol/L and a rapid increase above and below the optimal point (2). Low HDL cholesterol is a common feature of type 2 diabetes (3) and obesity, the latter often considered a linking factor for cancer risk because of insulin resistance (4). However, apolipoprotein (Apo) A-I, the main lipoprotein of HDL cholesterol, also can stimulate the phosphorylation of AMPactivated protein kinase (AMPK) and acetyl-CoA carboxylase (ACC) to increase glucose uptake in muscle (5) and insulin sensitivity. In this light, the AMPK pathway is considered to be a master switch in sensing and regulating energy metabolism by balancing catabolism (lipolysis) and anabolism (protein and glycogen storage) (6) . A large number of factors can activate or inhibit the AMPK signaling pathway, and one of these is the upstream signal, LKB1, a tumor suppressor. In experimental studies, inhibition of the LKB1-AMPK pathway results in tumor formation (7), whereas metformin activates the LKB1-AMPK pathway and inhibits cancer cell growth (8) . In support of these findings, epidemiological studies have reported reduced cancer risk (9) and associated mortality (10) in type 2 diabetic patients treated with metformin compared with other antidiabetes drugs. This study argued that the anticancer effects of metformin, if any, would be most evident in patients with low HDL cholesterol.
RESEARCH DESIGN AND METHODS-We selected a prospective cohort from the Hong Kong Diabetes Registry enrolled between 1 December 1996 and 8 January 2005 because drug dispensary data became fully computerized and available for analysis purposes in 1996. A detailed description of the Hong Kong Diabetes Registry is available elsewhere (11) (12) (13) . Briefly, the registry was established at the Prince of Wales Hospital, the teaching hospital of the Chinese University of Hong Kong, which serves a population of .1.2 million. The referral sources of the cohort included general practitioners, community clinics, other specialty clinics, the Prince of Wales Hospital, and other hospitals. Enrolled patients with hospital admissions within 6-8 weeks prior to assessment accounted for ,10% of all referrals. A 4-h assessment of complications and risk factors was performed on an outpatient basis, modified from the European DiabCare protocol (14) . Once a patient had undergone this comprehensive assessment, he/ she was considered to have entered this study cohort and would be followed until the time of death. Ethical approval was obtained from the Chinese University of Hong Kong Clinical Research Ethics Committee. This study adhered to the Declaration of Helsinki, and written informed consent was obtained from all patients at the time of assessment, for research purposes.
By 2005, 7,387 diabetic patients were enrolled in the registry since December 1996. We sequentially excluded 1) 328 patients with type 1 diabetes or missing data on types of diabetes; 2) 45 patients with non-Chinese or unknown nationality; 3) 175 patients with a known history of cancer or receiving cancer treatment at enrollment; 4) 736 patients with missing values on any variables used in the analysis (see Table 1 for a list of variables); and 5) 3,445 patients who used metformin during 2.5 years before enrollment. The remaining 2,658 patients were included in the analysis. The cutoff point of 2.5 years was chosen because any duration longer than that did not lead to any noticeable changes in the hazard ratios (HRs) and 95% CIs of metformin use for cancer (Supplementary Table 1 ).
Clinical measurements and data retrieval Patients attended the center after an 8-h fast and underwent a 4-h structured clinical assessment that included laboratory investigations. A sterile, random-spot urinary sample was collected to measure albuminto-creatinine ratio (ACR). In this study, albuminuria was defined as an ACR $2.5 mg/mmol in men and $3.5 mg/mmol in women. The abbreviated Modification of Diet in Renal Disease Study formula recalibrated for Chinese subjects (15) (16) . The precision performance of these assays was within the manufacturer's specifications.
Drug usage data were extracted from the Hong Kong Hospital Authority Central Computer System, which recorded all drug dispensary data in public hospitals, including the start dates and end dates for each of the drugs of interest. In Hong Kong, all medications are dispensed on (17) . Additionally, mortality data from the Hong Kong Death Registry during the period were retrieved and crosschecked with hospital discharge status. Hospital discharge principle diagnoses, coded by the International Statistical Classification of Diseases and Related Health Problems 9th Revision (ICD-9), were used to identify cancer events. The outcome measure of this study was incident cancer (fatal or nonfatal: codes 140-208) during the follow-up period.
Statistical analyses
We used biological interactions to test whether metformin use was associated with a greater cancer risk reduction in patients with low HDL cholesterol than in those with normal or high HDL cholesterol. The Statistical Analysis System (release 9.10) was used to perform the statistical analysis (SAS Institute, Cary, NC), unless otherwise specified. Followup time was calculated as the period in years from the first enrollment since 1 December 1996 to the date of the first cancer event, death, or censoring, whichever came first. Cox proportional hazard regression was used to obtain the HRs and 95% CIs of the variables of interest.
We first plotted the full-range association of HDL cholesterol and cancer and further refined cutoff points of HDL cholesterol for cancer risk in the cohort without prevalent metformin users, using restricted cubic spline Cox models (11) . Then, we examined the biological interaction for cancer risk between low HDL cholesterol and nonuse of metformin using three measures: 1) relative excess risk caused by interaction (RERI); 2) attributable proportion (AP) caused by interaction; and 3) the synergy index (S) (18) . A detailed calculation method of additive interaction, including the definition of three indicator variables, an SAS program, and a calculator in Microsoft Excel (www. epinet.se), was described by the authors. The RERI is the excess risk attributed to interaction relative to the risk without exposure. AP refers to the attributable proportion of disease, which is caused by the interaction in subjects with both exposures. S is the excess risk from both exposures when there is biological interaction relative to the risk from both exposures without interaction. A simulation study showed that RERI performed best and AP performed fairly well, but S was problematic in the measure of additivity in the proportional hazard model (19) . The current study refined the criteria as either a statistically significant RERI .0 or AP .0 to indicate biological interactions.
The following two-step adjustment scheme was used in these analyses: 1) only adjusting for LDL cholesterolrelated cancer risk indicators (LDL cholesterol $3.80 mmol/L and LDL cholesterol ,2.80 mmol/L plus albuminuria) (11, 12) , triglycerides (2) , and high HDL cholesterol, where appropriate (2), and 2) further adjusting for age, sex, employment status, smoking status, alcohol intake, duration of diabetes, BMI ($27.6 and ,24.0 kg/m 2 ) (2), systolic blood pressure (SBP), and A1C (20) at enrollment and use of statins (13) , fibrates, other lipid-lowering drugs, ACE inhibitors/angiotensin II receptor blockers (ARBs) (13) , and insulin (20) during follow-up. Use of drugs during follow-up was defined as use of the drugs from enrollment to cancer, death, or censoring date, whichever came first. By definition, the use of any drugs after the first cancer event was coded as nonuse of these drugs, and any drug users had been given at least one prescription of the drug during follow-up. The total metformin dosage divided by the total number of days during which metformin was prescribed was used as daily metformin dosage. We also used propensity score to adjust for the likelihood of initiation of metformin during the follow-up period (21) . The former was obtained using a logistic regression procedure that includes the following independent variables: age; sex; BMI; LDL cholesterol; HDL cholesterol; triglycerides; tobacco and alcohol intake; A1C; SBP; ln (ACR + 1); estimated GFR; peripheral arterial disease; retinopathy; sensory neuropathy; and history of cardiovascular disease (coronary heart disease, myocardial infarction, and stroke) at baseline (c statistics = 0.73). We then used stratified Cox models on deciles of the score to adjust for the likelihood of metformin use.
Sensitivity analyses were performed to address 1) the impacts of undiagnosed cancer by limiting the analysis to patients who were followed for $2.5 years (n = 2170); 2) the impact of incomplete exclusion of patients who used metformin during 2.5 years before enrollment by limiting the analysis to patients who were enrolled on or after 1 July 1998 (n = 1707); 3) the impact of prevalent bias by reinclusion of 3,445 patients who used metformin during 2.5 years before enrollment; and 4) inclusion of subjects with missing values in univariable analysis and without adjusting for the propensity score to maximize the valid sample size (n of the valid sample size = 2,996 and n of the sample size with missing values in HDL cholesterol = 53 [i.e., 1.74% missing-value rate]). was associated with increased cancer risk only among those who did not use metformin but not among those who did (power = 0.37) ( Table 2) .
RESULTS

Characteristics of the patients
Use of metformin and cancer
Use of metformin was associated with a decreased risk of cancer in a doseresponse manner. After adjusting for covariates, patients with HDL cholesterol ,1.0 mmol/L and who were not treated with metformin had a 5.8-fold risk of cancer compared with the referent group, who had HDL cholesterol $1.0 and used metformin. Patients with HDL cholesterol $1.0 mmol/L but who were not treated with metformin also had higher cancer risk than the referent group. However, the cancer risk associated with HDL cholesterol ,1.0 mmol/L was rendered nonsignificant among those who used metformin (Table 2 and Supplementary   Fig. 2 ). There was a significant interaction between low HDL cholesterol and nonuse of metformin for cancer risk, after adjusting for covariates (AP 0.44 [95% CI 0.11-0.78]) (Table 3) . Consistently, the copresence of HDL cholesterol ,1.0 mmol/L and nonuse of metformin was associated with an increased risk of cancer at sites other than the digestive organs and peritoneum and, to a lesser degree, cancers of the digestive organs and peritoneum. Copresence of both factors also was associated with an increased risk of fatal cancer and, to a lesser degree, nonfatal cancer (Table 4) .
Sensitivity analyses
The series of sensitivity analyses showed a consistent trend toward an interactive effect of nonuse of metformin and HDL cholesterol ,1.0 mmol/L on the risk of cancer, although not all interactions in these sensitivity analyses reached statistical significance (Supplementary Tables 2 and 3) .
CONCLUSIONS-In this study, we observed that HDL cholesterol ,1.0 mmol/L and nonuse of metformin was associated with a 5.8-fold cancer risk compared with metformin users with HDL cholesterol $1.0 mmol/L. The significant additive interaction indicates that the increased cancer risk as a result of a combination of nonuse of metformin and HDL cholesterol ,1.0 mmol/L was more than the addition of the risks attributed to the presence of either nonuse of metformin or low HDL cholesterol alone. In other words, the significant interaction suggests that the use of metformin may confer an extra cancer benefit in type 2 diabetic patients with low HDL cholesterol.
Although there are ongoing debates about the associations between insulin usage and cancer in diabetes, epidemiological studies have consistently found that the use of metformin is associated with reduced cancer risk. Among these studies, Libby et al. (9) reported that metformin use was associated with a 54% (95% CI 47-60) lower crude incidence and a 37% (25-47) lower adjusted incidence of cancer than metformin nonusers over a period of 10 years. In support of these findings, we also found a 50% lower adjusted cancer risk among metformin users with HDL cholesterol $1.0 mmol/ L and a 72% lower adjusted risk among metformin users with HDL cholesterol ,1.0 mmol/L.
Several lines of evidence support the pivotal role of AMPK, which can be triggered by a large number of upstream signals, in maintaining energy homeostasis by providing a balance between energy expenditure through lipolysis and energy storage through protein and glycogen synthesis. Activation of AMPK by the tumor suppressor, LKB1, promotes glucose uptake, increases fatty acid oxidation, and reduces protein and lipid synthesis. Metformin is known to activate the AMPK pathway, possibly through the activation of the LKB1 suppressor gene (22) . On the other hand, hyperglycemia can downregulate ApoA-I gene transcription, which is the major lipoprotein component of HDL lipid particles (23) . In this regard, ApoA-I has been shown to stimulate phosphorylation of AMPK and ACC (5). More recently, Kimura et al. (24) reported that HDL can activate AMPK through binding to both sphingosine 1-phosphate receptors/Gi proteins and scavenger receptor class B type I (SR-BI)/ protein PDZK1, with LKB1 being involved in the SR-BI signaling. Given the close relationship between HDL cholesterol and the AMPK pathway, the interactive effects between metformin use and HDL cholesterol on cancer risk is thus plausible.
Several limitations in the study have been noticed. 1) A single measurement of HDL cholesterol was used in the analysis. 2) Hospital principle discharge diagnosis was used to retrieve cancer events in the cohort, and this approach may have missed a small number of cancer events.
3) The use of drug dispensary data are an indirect method and may overestimate exposure because drug acquisition is only a surrogate marker for actual drug consumption. Although our definition of drug use should not introduce major bias (25) , some unmeasured confounding factors may exist. 4) The sample size of the study was not large enough to address whether there were sex-specific cutoff points of HDL cholesterol for the risk of cancer. 5) There were insufficient numbers of patients/events to explore the relationships between HDL cholesterol status, metformin exposure, and risk of specific cancers. 6) RERI did not reach statistical significance. However, RERIs were significant in sensitivity analyses 3 and 4 with larger sample sizes, suggesting that the marginally significant RERI in the analysis is possibly attributed to insufficient power. 7) These findings were only derived from a Chinese cohort and need to be replicated in other ethnic populations.
In conclusion, the use of metformin might confer stronger benefits in reducing cancer risk in patients with HDL cholesterol ,1.0 mmol/L. Although low HDL cholesterol is not an indication for metformin usage, if our findings can be independently replicated, patients with low HDL cholesterol with or without type 2 diabetes might be candidate subjects for clinical trials that formally test the anticancer effects of metformin or agents that modulate the ApoA-I-LKB1-AMPK pathway. *Univariable Cox models with stratification on deciles of the propensity score of use of metformin during follow-up were used to obtain the HRs. †Classification was based on the ICD-9 (there are overlaps among sitespecific cancers). ‡46 nonfatal cancer events developed before fatal cancer.
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